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ABSTRACT Annelids possess giant extracellular oxygen carriers that exhibit a hexagonal bilayer appearance and have
molecular masses of ;3.5 MDa. By small angle x-ray scattering (SAXS), Eudistylia vancouverii chlorocruorin and Macrobdella
decora hemoglobin were investigated in solution. On the basis of the experimental SAXS data, three-dimensional models were
established in a two-step approach (trial and error and averaging). The main differences between the complexes concern the
structure of their central part and the subunit architecture. Usage of our SAXS models as templates for automated model
generation (program DAMMIN) led to reﬁned models that ﬁt perfectly the experimental data. Special attention was paid to the
inhomogeneous density distribution observed within the complexes. DAMMIN models without a priori information could not
reproducibly locate low-density areas. The usage of templates, however, improved the results considerably, in particular by
applying electron microscopy-based templates. Biologically relevant information on the presence of low-density areas and hints
for their presumable location could be drawn from SAXS and sophisticated modeling approaches. Provided that different
models are analyzed carefully, this obviously opens a way to gain additional biologically relevant structural information from
SAXS data.
INTRODUCTION
Extracellular annelid hemoglobins are giant molecules that
have a characteristic two-tiered hexagonal bilayer (HBL)
appearance in electron micrographs; they exhibit high
cooperativity of oxygen binding and low iron and heme
contents (Vinogradov et al., 1982; Kapp et al., 1990; Qabar
et al., 1991; Lamy et al., 1996; for a recent review, seeWeber
and Vinogradov, 2001). The hemoglobin of the earthworm
Lumbricus terrestris (Lumbricus Hb) is the most extensively
studied annelid hemoglobin. The complex has an overall D6
symmetry (Royer and Hendrickson, 1988; Boekema and van
Heel, 1989). Due to considerable differences in the mass
estimations, the exact stoichiometry of the components was
unclear for a long time (Martin et al., 1996b; Zhu et al.,
1996). Two models have been proposed to explain the
architecture of Lumbricus Hb: The ﬁrst model comprises 24
octameric subassemblies of globin chains and 24 linker
chains (Ownby et al., 1993). In the second, the so-called
‘‘bracelet model’’ (Vinogradov et al., 1986, 1991; Martin
et al., 1996a,b), 12 dodecameric 200-kDa subunits, each com-
posed of three monomeric and three trimeric heme-con-
taining globin chains, and 36 heme-deﬁcient linker chains
form the HBL complex with a total mass of ;3.5 MDa.
For Lumbricus Hb, several three-dimensional (3D)
reconstructions from cryoelectron microscopy have been
presented (Schatz et al., 1995; de Haas et al., 1997; Taveau
et al., 1999; Mouche et al., 2001). Recently the crystal
structure at 0.55 nm resolution was published (Royer et al.,
2000), revealing an organization of 144 oxygen-binding
hemoglobin subunits and 36 nonhemoglobin linker subunits,
similar to the bracelet model. Thus, in the case of Lumbricus
Hb, the picture of its structure has obtained a very detailed
level over the years.
Less structural information is available for other related
oxygen-carrying proteins. Bracelet architectures, similar to
Lumbricus Hb, have been suggested forMacrobdella decora
hemoglobin (Macrobdella Hb; de Haas et al., 1996a) and for
Eudistylia vancouverii chlorocruorin (Eudistylia Chl; de
Haas et al., 1996b), although the exact number of globin and
linker chains is still unknown. These studies show subunits
that appear somewhat hollow in the center (hollow globular
substructures), similar to the subunits of Lumbricus Hb
(Schatz et al., 1995; de Haas et al., 1997; Taveau et al., 1999;
Mouche et al., 2001).
The investigation of the 3D structure of the giant annelid
hemoglobins is essential for a better understanding of their
complex architecture and functionality. In this context, small
angle x-ray scattering (SAXS) is a potent tool for studying
the solution structure of such giant proteins at low resolution
(Kapp et al., 1990; Krebs et al., 1996, 1998). In this study,
we used the SAXS technique to investigate Eudistylia Chl
and Macrobdella Hb and to determine their radius of
gyration, RG, molar mass, M, maximal diameter, dmax,
hydrated volume, V, and shape. The experimentally obtained
data were simulated by 3D models consisting of a large
number of small spheres. These SAXS models were
constructed by trial and error in a two-step procedure lead-
ing to consensus models. In addition, SAXS models were
also created by using the advanced modeling procedure
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implemented in the program DAMMIN (Svergun, 1999,
2000) in several alternatives (cf. Zipper et al., 2004). All mod-
els were compared on the basis of their ﬁt with the experimen-
tal data; for a visual comparison they were displayed as
surface-rendereddensities.Furthermore, themodelswereused
as bases for the prediction of hydrodynamic parameters.
MATERIALS AND METHODS
Eudistylia Chl and Macrobdella Hb, isolated as described previously
(Vinogradov and Sharma, 1994), were provided by S. N. Vinogradov
(Department of Biochemistry and Molecular Biology, Wayne State
University, Detroit, MI). For SAXS experiments, highly concentrated
solutions of the oxygenated proteins were dialyzed against 0.1 M Tris/HCl
buffer, 1 mM EDTA, pH 7.0. A dilution with dialysis buffer led to ﬁnal
protein concentrations between 5 and 80 mg/ml.
SAXS experiments were carried out at 4C by means of a Kratky
compact camera (A. Paar, Graz, Austria), using copper radiation (wave-
length l ¼ 0.154 nm) from a conventional x-ray tube, and a proportional
counter. Scattering measurements were performed in the angular range of
2u ¼ 0.7–57 mrad, corresponding to h values of 0.029–2.3 nm1 (h ¼
(4p/l)sin u; u is half the scattering angle). Both proteins were investigated
under the same conditions, and the data were evaluated in the same way as
reported previously for Lumbricus Hb (Krebs et al., 1996), to establish a
founded basis for the comparison of the low-resolution structures of these
HBL complexes.
All scattering curves were measured repeatedly. With each protein, two
independent series of experiments were performed, each comprised
measurements at four different concentrations between 5 and 15 mg/ml in
the angular range below 7 mrad and measurements at high concentrations
(67 or 80 mg/ml) over the full range mentioned above. A minimum of three
scattering curves was recorded for each protein concentration in each series.
The measured intensities were corrected for background scattering, and the
low-concentration data were extrapolated to zero concentration before the
necessary corrections for the beam geometry were applied. This desmearing
procedure was performed by means of the program ITP (Glatter, 1977) and
led to scattering curves, I(h), and pair-distance distribution functions, p(r)
(Glatter and Kratky, 1982). The molecular parameters RG and dmax were
determined from the p(r) functions, M from the absolute scattering intensity
at zero angle, and V from Porod’s invariant. To obtain representative patterns
of the proteins, the scattering curves, p(r) functions, and molecular
parameters of each complex were averaged over the repeated measurements;
only averaged data are discussed in the following. The calculated limits of
error in Fig. 1 and Table 1 reﬂect the reproducibility of the data rather than
their absolute accuracy.
A ﬁnite element method (representation of the molecular structure by an
ensemble of small spheres: bead modeling) was used for the model
calculations to simulate the experimental data. Exploiting the experimental
SAXS curves of the proteins, consensus models were established by a two-
step approach consisting of ﬁnding appropriate models by trial and error and
subsequently averaging the best ﬁts (cf. Krebs et al., 1998). Alternatively,
models were generated by an advanced modeling approach (program
DAMMIN; Svergun, 1999, 2000), an automated procedure based on
simulated annealing, which uses compactness and connectivity constraints
and, optionally, a priori structural information. To speed up the
computations, the program uses spherical harmonics to calculate the model
intensity. The input of experimental data occurs via a GNOM ﬁle
(Semenyuk and Svergun, 1991). This modeling approach was applied
either without a priori structural information (ab initio modeling) or by using
templates derived from the original SAXS consensus models or from 3D
electron microscopy (EM) reconstructions (de Haas et al., 1996a,b). The
templates were produced by a similar procedure as described previously
(Zipper et al., 2004). For generating templates from the 3D EM
reconstructions, a rescaling step was performed to obtain the proper angular
position of the ﬁrst submaximum in the scattering curve of the basic EM
model (cf. Krebs et al., 1998); an additional upscaling of the coordinates of
the EM templates by a factor of 1.05 was applied in some cases to reduce the
effects of DAMMIN’s peripheral penalty.
Calculations of scattering curves and p(r) functions from the coordinates
of the spheres were performed with several programs based on Debye’s
formula and other algorithms outlined in Glatter (1980) and Glatter and
Kratky (1982). For the trial-and-error models, the radius of the spheres was
chosen so that a continuum was simulated by an appropriate overlap of the
spheres. For the Debye calculation of scattering curves from the DAMMIN
models, the size of the spheres was reduced to optimize the comparison with
the curves provided directly by DAMMIN (Zipper et al., 2004). In general,
the p(r) functions of models were calculated by Fourier transformation of the
scattering curves. Hydrodynamic parameters (sedimentation coefﬁcient s
and translational diffusion coefﬁcient D) of the models were predicted by
application of the program HYDRO (Garcı´a de la Torre et al., 1994, 2000).
The program RASMOL (Sayle and Milner-White, 1995) was adopted for
the primary graphical representation of all models obtained. Surface
representations of the models were applied to allow a closer comparison
of the structural features of the various protein models. For this purpose,
electron density maps were generated from the coordinates of the spheres
with programs from the CCP4 package (Collaborative Computational
Project, Number 4, 1994). Threshold levels were chosen in a way that all
FIGURE 1 Experimental SAXS data from Eudistylia Chl (solid lines and
solid circles with error bars) and Macrobdella Hb (dashed lines and open
circleswith error bars): (a) normalized desmeared scattering curves I(h) and
(b) pair-distance distribution functions p(r). The symbols are only drawn for
every ﬁfth data point. The error bars represent the standard deviations
resulting from averaging the data from repeated measurements.
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models represented the same volume. The electron densities were displayed
by VOLVIS (Research Foundation of the State University of New York).
RESULTS
Experimental SAXS data and SAXS models
In Fig. 1, normalized scattering curves I(h) and distance
distribution functions p(r) of Eudistylia Chl and Macrob-
della Hb are shown. The scattering behavior of these
proteins appears to be quite similar. The proteins obviously
possess a highly symmetrical structure that gives rise to
distinct maxima and minima in the scattering curves (cf.
Glatter and Kratky, 1982); the differences in their intensities,
however, suggest some differences in the protein architec-
ture. Resulting SAXS parameters, e.g., RG, dmax, V, and M,
are listed in Table 1, together with the corresponding data for
Lumbricus Hb (Krebs, 1996; Krebs et al., 1996, 1998). Our
experimental values for RG and dmax of Macrobdella Hb are
compatible with those of 10.5 (60.2) nm and 28.0 (60.5)
nm, respectively, found in previous SAXS studies (Kapp
et al., 1990), whereas our value for V is considerably smaller
than the volume of 7500 (6300) nm3 reported earlier; our
value for M is similar to that of 3500 (6300) kg/mol found
previously (Schmuck, 1989). For Eudistylia Chl, SAXS
reference data are not available in the literature.
SAXS models were built from identical spheres of radius
rb ¼ 0.66 nm. Experimental values for RG and dmax and the
shapes of the I(h) and p(r) patterns were used as selection
criteria for modeling based on an assumed HBL structure.
For our models, a two-step approach turned out to be useful.
In the ﬁrst step, a number of different models were developed
by trial and error. None of these models provided a perfect ﬁt
to the experimental scattering curve. In the second step,
a consensus model was constructed by averaging the best-
ﬁtting models of the ﬁrst step. Due to this averaging, the
initially identical spheres were replaced with spheres of
individual statistical weightings. These weightings were
derived from the frequency of occupancy of given positions
in the various models. The highest weighting was given to
positions that were occupied in all models and the lowest to
positions occupied only in a single model. By this procedure,
the original two-level density distributions of the individual
models (with a value of 1 corresponding to matter and
0 corresponding to void) were transformed into a multilevel
density distribution reﬂecting different levels of probability
of the positions in the resulting consensus model. In this
context, it has to be noted that in the interior of the consensus
model inhomogeneities in its density distribution can only
occur if the distributions of the individual models themselves
are inhomogeneous.
TABLE 1 Experimental SAXS parameters and data of trial-and-error SAXS models of annelid hemoglobins
Eudistylia Chl Macrobdella Hb Lumbricus Hb
Parameter Exp.*y Modelz Exp.*y Modelz Exp.y§ Modelz
RG (nm) 10.73 6 0.09 10.64 6 0.05 10.75 6 0.01 10.73 6 0.02 10.71 6 0.02 10.68 6 0.04
dmax (nm) 29.05 6 0.07 29.2 6 0.1 29.54 6 0.02 29.6 6 0.1 29.37 6 0.21 29.6 6 0.1
V (nm3) 5100 6 100 5300 6 100 5800 6 300 6000 6 300 6200 6 200 6200 6 400
M (kg/mol){ 3000 6 300 3300 6 200 3500 6 200
rb (nm) 0.66 0.66 0.66
dx (nm)
k 29.2 6 0.1 29.2 6 0.1 29.2 6 0.1
dy (nm)
k 27.2 6 0.1 27.7 6 0.8 27.3 6 0.2
dz (nm)
k 17.3 6 0.1 19.4 6 1.7 19.8 6 1.9
Consensus model:
Number of models
included (Nm)
6 4 22
Total number
of spheres (Nb)
4551 5970 6844
Number of spheres
per subunit**
337 325 333
Number of spheres
in the central unit**
89 36 83
*Experimental data are taken from Krebs (1996).
yMean values and standard deviations result from averaging experimental data.
zMean values and standard deviations result from averaging individual models.
§Experimental data are taken from Krebs (1996) and Krebs et al. (1996, 1998).
{The partial speciﬁc volume of v ¼ 0.733 cm3/g found for Lumbricus Hb (Shlom and Vinogradov, 1973) was also used for calculating the molar masses of
Eudistylia Chl and Macrobdella Hb.
kThe values for dx, dy and dz refer to the largest dimension in each direction, obtained from the difference of sphere coordinates by adding the diameter of one
sphere.
**Only high-weight spheres, occurring in at least Nm-1 models, are taken into account.
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The resulting consensus models for Eudistylia Chl and
Macrobdella Hb are shown in Fig. 2, A and B. The models of
both complexes are composed of 12 identical subunits in an
eclipsed HBL structure, and in the center of each model an
additional central unit is assumed. The different weighting of
the spheres is expressed by different shades of gray: dark is
used for spheres with the highest weighting, and the light
spheres indicate areas of less probability. Essential structural
parameters are given in Tables 1 and 2, together with the
corresponding data for Lumbricus Hb.
To improve the visualization of the models, density maps
were created from the coordinates of the spheres and were
presented in surface rendering. For this purpose the initially
high number of spheres of the consensus models was
reduced to be compatible with other models of this study.
Fig. 3 a shows surface representations of the resulting
density maps for Eudistylia Chl (A–D) and Macrobdella Hb
(E–H). Both models possess a low density in the molecule
center and little density in certain areas of the subunits. The
Macrobdella Hb model simulates less density in the central
unit than that of Eudistylia Chl, an aspect that is obvious
from a comparison of the top views of the models (cf.
arrows) and is also suggested by the different numbers of
high-weight spheres in the central unit (Table 1).
Fig. 4 presents comparisons of model and experimental
I(h) and p(r) patterns of Eudistylia Chl (A and B) and
Macrobdella Hb (C and D). The scattering curves of the
SAXS consensus models (green lines) agree fairly with the
experimental proﬁles (black lines) in the angular range h ,
1.0 nm1 (Fig. 4, A and C). In this range, however, the
second and third minimum of the scattering curve of
Eudistylia Chl are not modeled satisfactorily (Fig. 4 A).
The model of Macrobdella Hb ﬁts the second minimum of
the experimental I(h) quite well, but the ﬁt of the third
minimum is insufﬁcient (Fig. 4 C). In a similar way, the
consensus models of both proteins do not ﬁt the p(r)
functions perfectly (Fig. 4, B and D).
SAXS-biased DAMMIN models
In an attempt to improve the original SAXS consensus
models, these were used as a priori information for the
automated generation of models by DAMMIN (Svergun,
1999, 2000). For this purpose, appropriate templates were
established from the consensus models according to the
following procedure. First the selected model was super-
imposed in six rotation states. A subsequent data-reduction
step (Zipper andDurchschlag, 2000) using a hexagonal lattice
of deﬁnite cell size (1.6 nm) led to an intermediate template.
Finally one-twelfth of the reduced structure was used to create
the ﬁnal template with exact D6 symmetry as required by
DAMMIN (for a detailed description see Zipper et al., 2004).
In this procedure, the different weightings of the spheres
of the consensus models were not considered, but all spheres
were treated as identical. Thus the templates, deﬁning the
search space for the subsequent DAMMIN approach, were
made up from the entire set of occupied positions in the
SAXS models underlying the consensus models, without
preferring any particular model conﬁguration. When per-
forming the data reduction step, the resulting spheres were
FIGURE 2 Different views of SAXS consensus models of Eudistylia Chl
(A) and Macrobdella Hb (B) and of templates (C and E) and SAXS-biased
DAMMINmodels (D and F) derived therefrom. The consensus models were
created by averaging the structures of several trial-and-error models each of
which provided a good but not perfect ﬁt to the experimental scattering curve
of the protein under analysis. A continuous electron density was simulated
by overlapping spheres arranged in a regular way. The consensus model of
Eudistylia Chl (A) is based on six different models and that of Macrobdella
Hb (B) is the result of averaging four models. The frequency of occurrence
of the spheres in the underlying models, a measure of probability, is
expressed by different shades of gray (light: low frequency, equivalent to
low probability; dark: high frequency). The SAXS-biased DAMMIN
models of Eudistylia Chl (D) and Macrobdella Hb (F) were obtained using
templates that were derived from the consensus models. The templates (C
and E) consist of beads with rb ¼ 0.8 nm, placed at local centers of gravity.
Therefore the spheres are not arranged as regularly as in the original SAXS
models and overlap considerably. Application of DAMMIN results in the
simulation of less mass in the center of the models (see black circles). SAXS
parameters of the proteins and models are listed in Tables 1 and 2, scattering
curves and p(r) functions of the models are shown in Fig. 4.
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placed either at the centers of the hexagonal lattice cells or at
their local centers of gravity as calculated from the mass
distribution in each cell. The latter variant yielded templates
of a more realistic appearance, however, resulted in
considerable amounts of overlapping spheres (see Fig. 2, C
and E), whereas the approach using hexagonal lattice points
is devoid of overlapping.
Top and side views of selected SAXS-biased DAMMIN
models ofEudistyliaChl (D) andMacrobdellaHb (F) are also
shown in Fig. 2. These models were created using the SAXS
templates (C and E) with overlapping spheres placed at local
centers of gravity. The comparison of the templates with the
resulting models suggests that the main structural features of
the templates were only moderately altered by the DAMMIN
procedure. The most obvious changes concern the reduced
mass density in the central region of both models (marked by
black circles). Similar changes were observed with models
that were biased by templates consisting of spheres placed
exactly at hexagonal lattice points (data not shown).
Surface rendering of the DAMMIN models shown in Fig.
2 visualizes the effects of the applied procedure even more
impressively. Though the similarity of the rendered SAXS-
biased DAMMIN models in Fig. 3 b (A–D, Eudistylia Chl;
E–H, Macrobdella Hb) with the underlying SAXS consen-
sus models (Fig. 3 a) is evident, in the center of both HBL
complexes less density is assumed by the DAMMIN models,
and the subunits appear to be more hollow than in the SAXS
consensus models (cf. the top views (A and B; E and F), and
the central slabs (D and H) in a and b of Fig. 3). Moreover,
the SAXS-biased DAMMIN models ﬁt the experiment much
better; their scattering curves (Fig. 4, A and C, green circles
with error bars) match the observed data in the angular range
h , 1.7 nm1 perfectly, whereas the ﬁt by the initial SAXS
models (green lines) is less satisfactory. The ﬁt of the
experimental p(r) functions is nearly perfect (Fig. 4, B and
D). The model parameters, as shown in Table 2, are also in
agreement with the observations.
TABLE 2 Parameters of consensus and DAMMIN models of
annelid hemoglobins
Eudistylia
Chl
Macrobdella
Hb
Lumbricus
Hb
SAXS consensus model
Rx, Ry (nm) 6.84 6.90 6.82
Rz (nm) 4.45 4.47 4.60
dz (nm) 17.3 21.6 21.5
D* (107 cm2/s) 1.67 1.64 1.63
s* (1013 s) 64.1 62.8 62.4
Mean values of SAXS-biased DAMMIN models
Number of models 3 3 3
Nb
y 1452 6 34 1616 6 23 1777 6 4
1558 1818 1957
Vz (nm3) 5150 6 120 5732 6 80 6303 6 15
RG (nm) 10.78 6 0.01 10.78 6 0.01 10.71 6 0.00
Rx, Ry (nm) 6.90 6 0.02 6.92 6 0.02 6.87 6 0.01
Rz (nm) 4.56 6 0.06 4.49 6 0.06 4.49 6 0.04
dz (nm) 17.6 6 0.0 19.4 6 1.6 18.3 6 1.2
D (107 cm2/s) 1.61 6 0.00 1.60 6 0.01 1.61 6 0.00
s (1013 s) 61.9 6 0.1 61.3 6 0.4 61.9 6 0.1
Mean values of ab initio DAMMIN models
Number of models 11 11 27
Nb 1505 6 17 1662 6 44 1826 6 44
Vz (nm3) 5337 6 59 5895 6 155 6477 6 156
RG (nm) 10.78 6 0.02 10.79 6 0.01 10.71 6 0.01
Rx, Ry (nm) 6.95 6 0.07 6.89 6 0.06 6.87 6 0.05
Rz (nm) 4.41 6 0.23 4.61 6 0.18 4.50 6 0.14
dz (nm) 20.1 6 1.9 22.5 6 2.2 20.4 6 1.6
D (107 cm2/s) 1.58 6 0.03 1.55 6 0.02 1.59 6 0.02
s (1013 s) 60.7 6 1.0 59.8 6 0.8 60.9 6 0.9
Mean values of EM-biased DAMMIN models
Beads on lattice points
Number of models 8 8 8
Nb 1449 6 19 1620 6 31 1785 6 43
Vz (nm3) 5138 6 66 5746 6 111 6331 6 153
RG (nm) 10.77 6 0.01 10.78 6 0.01 10.71 6 0.01
Rx, Ry (nm) 6.91 6 0.05 6.94 6 0.03 6.84 6 0.03
Rz (nm) 4.52 6 0.14 4.45 6 0.07 4.56 6 0.07
dz (nm) 17.6 6 0.0 17.6 6 0.0 17.6 6 0.0
D (107 cm2/s) 1.61 6 0.01 1.61 6 0.02 1.62 6 0.01
s (1013 s) 61.6 6 0.5 61.9 6 0.6 62.0 6 0.3
Beads on centers of gravity
Number of models 4 4 4
Nb 1786 6 40 1701 6 46 2132 6 59
V§ (nm3) 5140 6 111 5745 6 157 6330 6 175
RG (nm) 10.71 6 0.01 10.76 6 0.02 10.67 6 0.03
Rx, Ry (nm) 6.93 6 0.02 6.91 6 0.02 6.83 6 0.03
Rz (nm) 4.30 6 0.02 4.48 6 0.04 4.54 6 0.03
dz (nm) 17.3 6 0.0 17.3 6 0.1 18.5 6 1.3
D (107 cm2/s) 1.65 6 0.00 1.65 6 0.00 1.63 6 0.01
s (1013 s) 63.4 6 0.1 63.5 6 0.1 62.5 6 0.2
Experimental SAXS parameters (RG and V) of all hemoglobins under
analysis are given in Table 1. Experimental hydrodynamic parameters (s
and D) span a wide range of values for Lumbricus Hb: s ¼ 58.9–61.1 3
1013 s (e.g., Svedberg and Eriksson, 1933; Svedberg, 1937; Rossi Fanelli
et al., 1970; Shlom and Vinogradov, 1973; David and Daniel, 1974; Gros,
1978) and D ¼ 1.3–1.81 3 107 cm2/s (e.g., Svedberg, 1937; Shlom and
Vinogradov, 1973; Gros, 1978), with (1.66 6 0.05) 3 107 cm2/s (Shlom
and Vinogradov, 1973) as a probable value for D; for Eudistylia Chl, only
one value has been mentioned: s ¼ 56.5 3 1013 s (Terwilliger et al.,
1975). DAMMIN models were calculated using rb ¼ 0.8 nm. Rx, Ry, and Rz
are the axial radii of gyration of the corresponding model in the x, y, and z
directions, respectively, and dz symbolizes the largest dimension in the z
TABLE 2 (Continued)
direction. D values are calculated directly from the coordinates and radii of
the spheres, whereas the quantities M and v are additionally required for
predictions of s; in agreement with previous studies (Zipper et al., 2004),
the same values ofM ¼ 3500 kg/mol and v ¼ 0.733 cm3/g were used for all
three proteins. Mean values and standard deviations result from averaging
the data for individual models.
*For calculating these values, the consensus models were slightly modiﬁed
by expressing different weightings of the spheres by different bead radii.
The values for V and RG of these modiﬁed models are identical with the
mean values given in Table 1.
yThe ﬁrst line refers to models with beads on lattice points and the second
to models with beads on centers of gravity.
zThe cited volumes have been corrected by taking into account the packing
density (0.6046) of a hexagonal lattice of spheres by rescaling the bead
radii.
§Owing to a considerable overlap of the spheres in these models, the
calculated volumes were scaled to the mean values obtained for models
with beads on lattice points.
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Ab initio DAMMIN models
DAMMIN models were also created without using tem-
plates, to check the inﬂuence of these constraints. By this
approach, the low-resolution shape and internal structure of
the hemoglobins were restored ab initio, exploiting the
experimental SAXS curves without any a priori information
or with no constraint other than the assumption of D6
symmetry. In accordance with previous observations, only
the latter variant resulted in models of physical relevance
(Zipper and Durchschlag, 2003; Zipper at al., 2004).
Nevertheless, many of the models generated this way
represented unrealistic structures and were therefore dis-
carded, although in all cases the experimental scattering
curve was ﬁtted perfectly. Models were considered as
unrealistic if their appearance deviated substantially from
that suggested by EM, e.g., because of the occurrence of
central protuberances, isolated spheres, or sphere-like overall
shapes. Some typical examples of discarded models are
outlined in Fig. 5, to illustrate the philosophy of the applied
selection criteria.
Models that had an appearance similar to EM models (de
Haas et al., 1996a,b) were chosen for a more detailed
analysis. For Eudistylia Chl and Macrobdella Hb, 11
different ab initio DAMMIN models were used to create
averaged ab initio models, similar to the creation of the
consensus SAXS models shown in Fig. 2, A and B. To
accumulate structural information that is represented more
often in the models, spheres that were not present in at least
from two to ﬁve models were omitted in the averaging
process. All other spheres were weighted according to their
frequency of occupancy.
Various averaged ab initio DAMMIN models of Eudis-
tylia Chl and Macrobdella Hb and their structural and
hydrodynamic parameters have been presented elsewhere
(Zipper et al., 2004). In this article, we analyze the
corresponding surface representations (Fig. 6 a). In agree-
ment with the SAXS consensus and SAXS-biased DAM-
MIN models (Fig. 3), the representations of the averaged ab
initio DAMMIN models also show little density in the
central unit (Fig. 6 a, arrows), but unlike the aforementioned
models they give, at ﬁrst sight, no hint for cavities in the 12
subunits. A careful analysis, however, reveals that this is
mainly caused by the special process of averaging: most of
the ab initio models selected for averaging actually possess
small holes in their subunits, but the positions of these holes
are quite different in the various models; therefore the
averaging procedure results in a blurred density distribution
without pronounced minima in the subunits. Owing to the
averaging procedure, the distance distribution functions p(r)
of the averaged models (Fig. 4, B and D, red lines) differ
signiﬁcantly from the p(r) functions of the original models
(red circles with error bars) that simulate the experimental
p(r) functions (black lines) almost perfectly. Therefore the
averaging procedure also deteriorates the ﬁt of the scattering
curves: the curves of the original ab initio DAMMINmodels,
which were used for averaging, ﬁt the experimental curves
within the limits of error up to h¼ 1.7 nm1 (Fig. 4, A and C,
red circles with error bars and black lines), whereas the
FIGURE 3 Surface representations of the SAXS
consensus models (a) and SAXS-biased DAMMIN
models (b) of Eudistylia Chl (A–D) and Macrobdella
Hb (E–H). The models are shown in top views for two
different threshold levels (A and B; E and F) to enable
a better comparison with other models discussed in the
text. The corresponding side views of A and E are
shown in C andG; cuts through the models (along their
z axis and just through the subunits) reveal the inner
architecture (D and H). All models appear to have little
density in the central unit (see arrows), particularly
expressed in the models of Macrobdella Hb (F). The
subunits of the bilayer also seem to be slightly hollow,
which is more obvious in Eudistylia Chl (D). Both
effects appear to be enhanced in the corresponding
SAXS-biased DAMMIN models (b).
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curves that were calculated from the averaged structures (red
lines) deviate remarkably.
EM-biased DAMMIN models
For comparison, we include DAMMIN models that were
created making direct use of the precise structural in-
formation available from 3D EM reconstructions. The EM
density data of Eudistylia Chl and Macrobdella Hb were
provided by F. de Haas and J.-C. Taveau (Laboratoire de
Biochimie Fondamentale, University Francxois Rabelais,
Tour, France) (for details of the reconstructions, see de
Haas et al., 1996a,b). A total of 18 EM-biased models were
calculated for each protein, all of them ﬁtting the experi-
mental data very well (blue circles with error bars in Fig. 4),
and the averaged structures are given in Fig. 6 b in surface
representation (the original models can be found in Zipper
et al., 2004). These models clearly show hollow subunits,
similar to the original EM reconstructions (de Haas et al.,
1996a,b), even after averaging. This demonstrates that
DAMMIN neither ﬁlls the holes given by the templates
nor does it shift their position (which would lead to a blurred
electron density distribution, similar to the situation observed
for the averaged ab initio models shown in Fig. 6 a). In
addition, the subunits in the EM-biased DAMMIN models
seem to be more hollow than assumed by the SAXS and
SAXS-biased models. The density in the central unit appears
to be comparable with the SAXS-biased DAMMIN models.
Mass fraction in the central region
All models presented above exhibit a low-density area in the
center. To establish a founded basis for a quantitative
comparison, the fraction of mass contained in the central
region of each individual model was derived from the
number of spheres whose centers are located within a radial
distance of 4.1, 4.9, and 5.7 nm, respectively, from the center
of the model. The data obtained for models belonging to the
same type (trial-and-error SAXS models; SAXS-biased, ab
initio, and two variants of EM-biased DAMMIN models)
FIGURE 4 Comparison of the experimental scattering curves (black lines
in A and C) and pair-distance distribution functions (black lines in B and D)
of Eudistylia Chl (A and B) and Macrobdella Hb (C and D) with the
scattering curves and p(r) functions of various models. (Green lines) SAXS
consensus model (average of six (Eudistylia Chl) or four (Macrobdella Hb)
trial-and-error models; bead radius rb ¼ 0.66 nm) as shown in Fig. 2, A and
B. (Green circles) Average of the scattering curves or p(r) functions of three
DAMMIN models biased by the SAXS consensus models; (red circles with
error bars) average of the scattering curves or p(r) functions of 11 ab initio
DAMMINmodels; and (blue circles) average of the scattering curves or p(r)
functions of 18 DAMMIN models biased by 3D reconstructions from cryo-
EM. The other colored lines represent the scattering curves or p(r) functions
calculated for averaged structures. (Red lines) Average of 11 ab initio
DAMMIN models (bead radius rb¼ 0.8 nm; minimal accepted frequency of
occupancy fmin ¼ 2); surface representations of the averaged structures are
shown in Fig. 6 a; (solid blue lines in A and C) average of 18 EM-biased
DAMMIN models of different types (rb ¼ 0.8 or 0.6 nm; beads arranged on
hexagonal lattice points or on local centers of gravity; fmin ¼ 1), surface
representations of the averaged structures are shown in Fig. 6 b; (dot-dashed
cyan lines in A and C) average of six EM-biased DAMMINmodels (rb¼ 0.6
nm; beads on lattice points; fmin¼ 2); (dashed blue lines in A and C) average
of four EM-biased DAMMINmodels (rb¼ 0.8 nm; beads on local centers of
gravity; fmin ¼ 1). Models representing averaged structures reﬂect structural
tendencies rather than details. Therefore the scattering curves of the
averaged DAMMIN models (blue and red lines) do not ﬁt the experimental
data as well as the scattering curves of the individual models (blue and red
circles with error bars). The p(r) functions of the averaged EM-biased
models agree with the experimental values quite well over the whole range
of data, and therefore they are not indicated in B and D.
FIGURE 5 Side views of selected ab initio DAMMIN models of
Eudistylia Chl (A) and Macrobdella Hb (B) that were considered to
represent unrealistic structures and were therefore discarded and not used for
averaging.
Annelid Hemoglobins 1179
Biophysical Journal 87(2) 1173–1185
were averaged to yield mean mass fractions and the
corresponding standard deviations. In the case of models
representing averaged structures (SAXS consensus and
averaged DAMMIN models), mean mass fractions were
also calculated directly from the numbers and statistical
weightings of the spheres; if all spheres were taken into
account, the same mean values resulted as from the
procedure described before, and only slightly different
values were obtained if the spheres with the lowest weighting
were neglected. To eliminate the trivial effect of the volume,
the data shown in Fig. 7 have been normalized to the volume
of the sphere with a radius of 4.9 nm; by this normalization
procedure, the plotted data become representative of the
mean density in the central region. For comparison, the
results obtained for Lumbricus Hb are included in Fig. 7.
Prediction of hydrodynamic properties
The translational diffusion coefﬁcient D and sedimentation
coefﬁcient s of the various DAMMIN models of the annelid
hemoglobins under analysis were predicted from the
coordinates of the spheres, upscaling the bead radii ap-
propriately to correct the volumes of the models for the
packing density of spheres in a hexagonal lattice. Because of
the currently available computer facilities, the prediction of
the hydrodynamic parameters of the SAXS consensus
models was performed for the ﬁrst time without a preceding
data reduction step (cf. Zipper and Durchschlag, 2000;
Zipper et al., 2002). This approach was quite challenging
considering the large number of beads involved and the
inhomogeneous density distributions in the consensus
models (for Lumbricus Hb, the model presented in Krebs
et al., 1998, was used). To take the density distributions
adequately into account, the different weightings of the
initially equal-sized spheres had to be expressed by different
bead volumes. This implied the use of different radii,
whereas the coordinates of the spheres were not altered. The
results of the hydrodynamic predictions are included in
Table 2.
DISCUSSION
Comparison of the different modeling approaches
Important decisive factors for evaluating the goodness of 3D
structures restored from low-resolution SAXS data of
biopolymers usually include the extent to which the
experimental scattering data and derived parameters are
simulated by the respective models, the problem of
uniqueness, and the physical relevance of the models.
Following these criteria, the SAXS consensus models of
Eudistylia Chl and Macrobdella Hb, averaged from selected
trial-and-error models and shown in Figs. 2, A and B, and 3 a,
are good approximations to the protein solution structure, but
they are certainly not perfect: principal structural features of
the HBL complexes (overall structure, central unit, and
hollow subunits) are presumably met by the models quite
well, and the problem of uniqueness has been reduced by the
averaging procedure applied, but the experimental I(h) and
p(r) patterns are neither ﬁtted satisfactorily by the consensus
models (Fig. 4, green lines) nor by the underlying trial-and-
error approaches (data not shown). Nevertheless, the
FIGURE 6 Surface representations of averaged ab
initio (a) and EM-biased (b) DAMMIN models of
Eudistylia Chl (top) and Macrobdella Hb (bottom).
The models (with rb ¼ 0.8 nm and (a) fmin ¼ 2 or (b)
fmin ¼ 1) are shown in top views for two different
threshold levels (A and B; E and F), side views of A and
E (C and G) and cuts along the z axis (D and H). In all
four models, very little density is observed in the
central unit (arrows). The bilayer subunits of the EM-
biased models clearly appear to be hollow, in contrast
to the subunits of the ab initio models.
1180 Krebs et al.
Biophysical Journal 87(2) 1173–1185
comparison of the consensus models for the two proteins
investigated in this study and for Lumbricus Hb (Krebs et al.,
1998) points at the presence of low-density areas in all com-
plexes and suggests the occurrence of structural differences.
Areas of low density in protein complexes are often of
biological and structural interest. Therefore we paid special
attention to their modeling, although this process proved to
be quite demanding. DAMMIN analyses of the experimental
scattering curves, using templates based on the SAXS
consensus models, improved these models considerably.
Although the SAXS-biased DAMMIN models essentially
retain the gross-structural features of the consensus models
(Fig. 3), slight deviations from the original structure occur
both in the central unit and the 12 subunits. These changes
appear to be responsible for the signiﬁcantly improved ﬁt to
the experimental data (Fig. 4, green circles with error bars).
The results concerning the low-density areas in these
DAMMIN models are remarkable because the templates
used to generate the models were based on all of the spheres
of the respective consensus model but did not contain any
information about the different weightings of these spheres.
DAMMIN analyses performed without the usage of tem-
plates were challenging because of the problem of unique-
ness. The creation of DAMMIN models without any a priori
information led to generally unrealistic models (irregular
globular shapes and peripheral cavities). The restriction of
the DAMMIN procedure to models with D6 symmetry,
without using templates, turned out to be a major improve-
ment and led to a variety of models (see Zipper et al., 2004).
About 50% of these ab initio models looked quite realistic
and were selected for a further analysis; unrealistic models
(Fig. 5) were discarded. However, the diversity of the
selected structures did not allow choosing a unique model.
Therefore an averaging procedure was applied, similar to the
creation of the SAXS consensus models. Model averaging is
a legitimate procedure to accumulate overall information and
to cope with the problem of uniqueness as recently addressed
by Volkov and Svergun (2003). The observed loss of in-
formation concerning the existence of holes in the subunits
as a consequence of averaging indicates that the DAMMIN
procedure, though being capable of detecting ab initio
inhomogeneities in the density distribution of the complexes,
has difﬁculties in locating them with a sufﬁcient degree of
reliability because of the limited resolution of the SAXS
experiments and the usage of three-dimensionally averaged
information from specimens in solution.
Obviously, SAXS alone cannot precisely locate low-
density areas in these protein complexes, and structural
information on a high-resolution level cannot be expected.
Therefore, an improvement was attempted by DAMMIN
analyses importing a priori structural information from 3D
EM reconstructions through appropriate templates. This
tactic turned out to be a highly promising way, by combining
structural data from different methods and at unequal levels
of resolution. The resulting EM-biased DAMMIN models
FIGURE 7 The mean fraction of mass in the central region of different
models of Eudistylia Chl (a), Macrobdella Hb (b), and Lumbricus Hb (c) as
derived from the number of spheres located within a radial distance of 4.1,
4.9, and 5.7 nm from the center, normalized to a constant volume (sphere of
4.9 nm radius) to become representative of the density. The limits of error
represent the standard deviation obtained from averaging the data for the
respective set of models. From left to right, the bars correspond to the
following ﬁve types of models: (1) SAXS consensus models (the mean
values and standard deviations for Eudistylia Chl and Lumbricus Hb were
calculated from the individual models underlying the consensus models; for
technical reasons, the mean values for Macrobdella Hb could only be
obtained directly from the consensus model, by appropriately taking into
account the different weighting of the spheres), (2) SAXS-biased DAMMIN
models, (3) ab initio DAMMIN models, (4) DAMMIN models biased by
EM-templates with spheres on hexagonal lattice points, and (5) DAMMIN
models biased by EM-templates with spheres on local centers of gravity.
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are of higher quality and relevance for the solution structure
than the models originating merely from SAXS studies and
ﬁt the experimental SAXS data much better than EM-based
models that were established without the application of the
DAMMIN program as in a previous study on Lumbricus Hb
(Krebs et al., 1998).
The central unit
The high similarity of the experimental SAXS data of
Eudistylia Chl and Macrobdella Hb (Fig. 1) suggests that
their solution structures can only differ slightly. From our
trial-and-error and consensus SAXS models, we conclude
that major structural differences occur in the central region of
the complexes. According to our data (Table 1, number of
high-weight spheres in the central unit),Macrobdella Hb has
a very small central unit, whereas the central mass of
Eudistylia Chl seems to be more similar to that of Lumbricus
Hb. The mean values of the mass fractions in the central
region of the SAXS models and the SAXS-biased DAMMIN
models up to the chosen radii are in full accord with these
ﬁndings; the normalized mass fractions presented in Fig. 7
reﬂect the differences between the models impressively and
allow a direct comparison of the mean densities in the central
region. A smaller central mass in Macrobdella Hb also
follows from the mass fractions obtained from the EM-
biased models. All of these results are in good agreement
with the observed differences in the structure of the central
units in 3D EM reconstructions (de Haas et al., 1996a,b). The
ﬁnding that the analyzed ab initio DAMMIN models yield
mass fractions for Macrobdella Hb that are closer to the
values for Lumbricus Hb than for Eudistylia Chl is less
important in view of the large standard deviations of these
results, corroborating the problem of uniqueness.
A very small and subtle central subunit was ﬁrst described
by Ohtsuki and Crewe (1983), after the results of earlier
SAXS experiments (Pilz et al., 1980) that already postulated
a central subunit in the center of Lumbricus Hb. The ﬁrst EM
reconstruction of Lumbricus Hb reached a resolution of 3 nm
(Schatz et al., 1995). In the center of the molecule,
a doughnut shape of ;5 nm height and 12 nm diameter
was found; it exhibited a central hole ;2.5 nm wide, which
was close to the resolution limit achieved in that study. This
additional subunit was assumed to accommodate 12 linker
chains. From the crystallographic reconstruction to 0.55 nm,
we know that indeed only linker chains are present toward
the center (Royer et al., 2000). Very unexpected in this
context was the ﬁnding that 12 triple-stranded coiled-coil
helices are present in this area. Thus emanating from each
one-twelfth subunit are three 4.5-nm long rods consistent
with coiled-coil a-helices. A hole of;4.5 nm diameter in the
center of the molecule and the region where only the triple-
stranded linker helices are present constitute a low-density
area with ;10–12 nm diameter in the center of Lumbri-
cus Hb.
At a resolution of 3.5 nm, EM reconstructions of the Chl
from the polychaete E. vancouverii show little density (a ﬂat
hexagonal mass) in the center (de Haas et al., 1996b). By
contrast, the central region of Macrobdella Hb contains
a hexagonal toroid at a resolution of 4 nm (de Haas et al.,
1996a). The structural role of the toroid was assumed to be
a pier to which two bracelets are ﬁxed by 12 connections. In
the polychaete worm Arenicola marina, the central subunit
appears as an ellipsoid in EM reconstructions at 2.5 nm
(Jouan et al., 2001).
Hollow globular subunits
In EM reconstructions, the subunits themselves are found to
be hollow (de Haas et al., 1996a,b). The SAXS consensus
models show slight density variations in the subunits but to
a much lesser extent than observed in the EM reconstruc-
tions. A reﬁnement of the SAXS consensus models by
DAMMIN makes their subunits much more hollow (see Fig.
3). Of the ab initio DAMMIN models, which were generated
without bias, some assume ﬁlled subunits without density
variation, whereas others deﬁnitely possess holes in their
subunits, at positions that are different for each model.
Accordingly, averaging the structures of the ab initio models
leads to a nearly complete loss of information concerning
density variations in the subunits (see Fig. 6 a). If internal
cavities are part of the structure of a template imported by
DAMMIN as a priori structural information, such holes are
not ﬁlled up but are rather enlarged by DAMMIN. This is the
case with the SAXS-biased and, even more expressed, with
the EM-biased DAMMIN models (see Figs. 3 b and 6 b).
Oblate anisometry
Apart from the aforementioned differences in the central
units, dissimilarities between Eudistylia Chl, Macrobdella,
and Lumbricus Hb are also suggested by their different
experimental volumes V, which are reproduced almost
perfectly by all modeling approaches applied, and also by
a critical analysis of the data obtained for the dimensions of
the proteins in the three directions of space (see Tables 1 and
2). The comparison of the values for dz, the dimension in z
direction, gives some hint that the height of Eudistylia Chl
might be lower than that of the other proteins under
investigation; however, the considerable limits of error of
some dz values do not allow a founded decision. Similarly,
the comparison of the radii of gyration in the three directions
of space, Rx, Ry, and Rz, is not conclusive in most cases
because of the too large uncertainties of the quantities to be
compared. Only the modeling approach making use of EM-
based templates with the beads on local centers of gravity is
able to unveil signiﬁcant differences in the mass distribution
of Eudistylia Chl and Macrobdella or Lumbricus Hb.
According to the results obtained by this approach, the ratio
Rz/Rx of the axial radii of gyration, a measure of the oblate
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anisometry, is 0.621 6 0.003 for Eudistylia Chl, 0.648 6
0.006 forMacrobdellaHb, and 0.6656 0.005 for Lumbricus
Hb. The comparison of these values with the corresponding
ratios for the used EM templates (Eudistylia Chl template,
0.753; Macrobdella Hb template, 0.731; and Lumbricus Hb
template, 0.714) convincingly shows that the ratios given
above present real results of the DAMMIN analysis of the
experimental scattering curves and are not imported from the
templates. Similar differences in the particle dimensions and
volume between Eudistylia Chl and Lumbricus Hb as
observed by us were also suggested by EM studies (Qabar
et al., 1991).
Hydrodynamic parameters
As follows from Table 2, the parameters D and s predicted
for the consensus models of Eudistylia Chl andMacrobdella
Hb are quite similar to the values anticipated for the
corresponding Lumbricus Hb model. While predicted D
values for Lumbricus Hb are in the range of the experimental
data found in the literature, the values predicted for s exceed
the experimental ones slightly (cf. Table 2 legend).
The prediction of D values for the various DAMMIN
models led to nearly identical results for the three proteins
(Table 2). With each of the different types of DAMMIN
models (SAXS-biased, ab initio, and EM-biased) the D
values predicted for the three proteins always agree within
the limits of error (;1% in most cases). Slightly larger
differences can be observed, on the other hand, between the
predictions for different types of DAMMIN models. Ab
initio models show the lowest D values, whereas EM-biased
models, with the beads on centers of gravity, give the highest
values; the differences do not exceed, however, a few
percent. It must be borne in mind that for the prediction of D
values the molar mass M and the partial speciﬁc volume v of
the proteins are not used. For the prediction of s values, on
the other hand, bothM and v are required. Usage of the same
M and v values for all three proteins leads to very consistent
results for s (Table 2). At least for Macrobdella Hb, this
approach is in good agreement with data reported forM and v
(Weber et al., 1995). On the other hand, lower s values for
Eudistylia Chl and Macrobdella Hb would be obtained by
the usage of our experimentally observedM values (Table 1)
for these proteins. In the extreme case of Eudistylia Chl, the s
values predicted this way would be even lower than the very
low experimental value (cf. Table 2). For Lumbricus Hb, the
predictions for D from the DAMMIN models are in accord
with values from the literature, whereas the predicted s
values are slightly larger than the observed values.
CONCLUSIONS
In this study, the solution structures of Eudistylia Chl and
Macrobdella Hb were investigated by the SAXS technique,
and models were established by different procedures. The
following conclusions can be drawn:
1. The creation of SAXS models by trial and error is a time-
consuming and tedious procedure to gain structural
information. Application of advanced, automated mod-
eling procedures like the one implemented in Svergun’s
program DAMMIN provides a valuable alternative. The
options to deﬁne symmetry constraints or to import
templates make the program DAMMIN a most powerful
tool. Owing to the symmetry options, DAMMIN is
clearly superior to other programs that have been tested
for their efﬁciency in analyzing HBL structures (cf.
Zipper et al., 2002; Zipper and Durchschlag, 2003).
2. According to our data, the Chl from E. vancouverii and
the Hbs from M. decora and L. terrestris appear to be
very similar, but they differ in their overall dimensions.
Different amounts of density were simulated in the center
of the proteins, and for Macrobdella Hb the smallest
amount of density was simulated in all model ap-
proaches.
3. Most interestingly, all modeling approaches simulate an
inhomogeneous density distribution within the 12
subunits, meaning that there are areas in the interior of
the models that contain less spheres. This is remarkable
because the origin and a priori information content of the
various models is quite different. Without a priori
information, DAMMIN cannot locate these low-density
areas with sufﬁcient accuracy but places them in
different ab initio models at varying positions. The
usage of templates, however, improves the results. Since
density variations in protein complexes are of particular
interest, their detection is highly desirable. Variations
that are small and buried within the protein are hard to
detect, but putative information may be gained even in
such cases by applying sophisticated SAXS modeling
procedures.
4. Averaging of models is a legitimate procedure to point
out structural tendencies by emphasizing the most
persistent features. In this way, important, reoccurring
features in the protein structure can be spotted and
interpreted accordingly. Structural details at high resolu-
tion, however, may be lost during the averaging
procedure, and the averaged model may also provide
a worse ﬁt of the experimental data. Despite these re-
servations, averaging can be a valuable tool to reduce the
problem of the uniqueness of shape reconstructions.
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